with failure of urine concentration and decreased urine osmolality is poorly understood.
It has long been known that urea plays an important role in the urinary concentrating mechanism and, as the primary nitrogenous end product of amino acid catabolism, is essential for the excretion of nitrogenous waste (64) . The kidney's permeability to the highly polar molecule urea is greatly increased by the insertion of five urea transporters (UTs) that allow facilitated urea transport (52, 53, 64) . UT-B has been found in the endothelium of the descending vasa recta (DVR; see Refs. 49, 58, and 63) . The vasopressinregulated UT-A1 as well as UT-A3 and UT-A4 are expressed in the inner medulla (IM) of the collecting duct (CD, IMCD; see Ref. 43) . UT-A2 is located in the thin descending limbs of the Henle's loops (TDL), the primary site of urea secretion (43, 62) . Urea-dependent urine concentration is based on the following three associated processes: 1) urea becomes progressively concentrated along the CD because of vasopressin-dependent water reabsorption in a segment poorly permeable to urea, so the terminal CD contains a highly concentrated urea solution; 2) a vasopressin-dependent increase in the urea permeability of the terminal IMCD because of UT-A1, UT-A3, and UT-A4 enables transportation of the concentrated urea in the interstitial tissue of the deep IM; and 3) medullary urea, which escapes the IM via the ascending venous vasa recta, is continuously returned to the IM by a complex intrarenal urea recycling process involving reentry of urea along the DVR through UT-B and the TDL through UT-A2. This recycling results in a hyperosmolar medullary interstitium that is crucial for the potent urinary concentration (5, 64) .
The finding that endotoxemia diminishes the expression of several renal tubular transporters directed our interest toward the regulation of renal urea transporters during experimental sepsis (22) . We hypothesized that endotoxemia downregulates renal urea transporters. Based on our previous findings that cytokines downregulate several vasoconstrictive receptors in renal tissue, we also hypothesized that proinflammatory cytokines affect the expression of renal urea transporters (11) (12) (13) (14) . To test our hypotheses, we performed experiments with 1) lipopolysaccharide (LPS)-injected mice as a model for severe experimental inflammation; 2) mice injected with the cytokines tumor necrosis factor (TNF)-␣, interleukin (IL)-1␤, interferon (IFN)-␥, or IL-6; 3) LPS-injected knockout mice with a deficiency for TNF-␣, IL-1-receptor-1, IFN-␥, or IL-6; 4) LPSinjected mice with or without glucocorticoid pretreatment, which reduces LPS-induced cytokine production (8, 27, 28) ; and finally 5) animals with renal ischemia caused by renal artery clipping.
MATERIALS AND METHODS
Animal Preparation. Mice with deficiencies for TNF-␣ (B6.129S6-Tnf tm1Gk1 ), IL-1-receptor-1 (B6.129S7-IL1r1 tm1Imx ), IFN-␥ (B6.129S7-Ifng tm1Ts ), IL-6 (B6.129S7-IL-6 tm1Kopf ), and the wild-type strains B6129SF2/J and C57BL/6J were purchased from The Jackson Laboratory. To determine the appropriate LPS dose (Escherichia coli, serotype 0111:B4, Sigma) for the induction of severe inflammation, wild-type mice received several LPS application rates (1, 5, and 10 mg/kg ip). Hemodynamic and renal parameters of LPS-treated mice were measured 12 h after injection and compared with NaCl-treated animals (control). Mice were killed immediately following identification of these parameters. Because 10 mg/kg LPS was most suitable for inducing severe septic conditions, our experiments were conducted with this dosage. All animal experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Mice (n ϭ 6/group) were injected with 10 mg/kg LPS or NaCl (control), and hemodynamic as well as renal parameters were determined after 6, 12, and 24 h. Because the strongest effect of LPS was observed at the 12-h time point, we focused further investigations at this time point. Wild-type and cytokine knockout mice received NaCl (control) or 10 mg/kg ip LPS (n ϭ 6/group) and were killed 12 h after injection. Wild-type mice were additionally treated with NaCl (control) or the cytokines TNF-␣, IL-1␤, IFN-␥ or IL-6 (1 g/g; PeproTech) intraperitoneally and were killed 12 h after injection (n ϭ 6/group). Furthermore, we investigated the effect of both a single dose of dexamethasone alone (10 mg/kg ip) and dexamethasone 2 h before LPS injection in wild-type mice (n ϭ 6/group). The dose of LPS, cytokines, and dexamethasone was chosen from data taken from the literature (11-13, 44, 61) . To induce renal ischemia, the left renal arteries of mice (n ϭ 6/group) were clipped with 0.11 mm ID silver clips, and animals were killed 6, 12, and 24 h thereafter. In sham controls, the left renal artery was only touched with forceps.
Measurement of hemodynamic, renal, and blood parameters. Animals were anesthetized with Sevoflurane, using a Trajan 808 (Dräger) 6, 12, or 24 h after injection. The femoral artery was cannulated for continuous monitoring of mean arterial pressure (MAP) and heart rate (Siemens SC 9000). The femoral vein was cannulated for fluid maintenance and the bladder for collecting urine. FITC-inulin (0.5%, Sigma) was added to the femoral infusion for determination of GFR. Plasma and urine inulin concentrations were measured after an equilibration period of 30 min for 2 h and averaged for calculation of inulin clearance. FITC in plasma and urine samples was measured using a spectrofluorometer (Shimadzu). A surface laser Doppler probe (Transsonic) was placed directly over the renal cortex, and a needle laser Doppler probe was inserted through the cortex in the renal medulla to a depth of 2-3 mm from the renal surface as described previously in the literature (40) . Both probes were connected to laser Doppler flow meters (Transsonic BLF21), and renal tissue perfusion was measured. Measurement of blood parameters was performed on a Rapidpoint 405 (Bayer Diagnostics). GFR, fractional urea excretion, and tubular urea reabsorption were calculated using appropriate formulas.
mRNA extraction and real-time PCR analysis of renal urea transporters. Total RNA from tissues was extracted and reverse transcribed. Real-time PCR was carried out using the LightCycler system (Roche Diagnostics) as described in brief previously (13) . Each primer set (Table 1 ) was checked using a BLAST search to ascertain that the sequences were unique for each transporter. ␤-Actin was used as the reference gene.
Protein preparation. Whole kidneys and sections taken from the IM were homogenized in ice-cold buffer in the presence of protease inhibitors followed by centrifugation at 500 g for 15 min. The resultant supernatant was centrifuged at 20,000 g for 30 min at 4°C and was used to determine tissue cytokine concentration. The resultant pellet was reconstituted in blotting buffer. After recentrifugation, the resultant pellet (membrane fraction) was reconstituted in blotting buffer and used for the determination of urea transporter protein by Western blot. Protein concentration was measured by the method of Lowry.
Plasma/urine/tissue concentrations of cytokines/osmolality/urea. Tissue concentrations of TNF-␣, IL-1␤, IFN-␥, and IL-6 were determined using ELISA kits (R&D Systems) and set into proportion to total protein. Serum, urine, and IM osmolality were measured by freezing-point depression (Knauer Osmometer). Plasma, urine, and IM urea concentration was assayed using the QuantiChrom Urea Assay Kit (BioAssay Systems).
Western blot. Protein samples were electrophoretically separated on a 10% polyacrylamide gel and transferred to a nitrocellulose membrane that was blocked overnight either in 5% nonfat dry milk or in BSA diluted in Tris-buffered saline with 0.1% Tween 20. The membrane was then incubated for 1 h with rabbit polyclonal antibodies against UT-A1/UT-A2 (1:200; Alpha Diagnostics), UT-A3 [446 ml; 1:1,000 (56) , kindly provided by Dr. M. Knepper (National Heart, Lung, and Blood Institute)], and ␤-actin (1:5,000; Sigma). After being washed, the membrane was incubated for 1 h with a horseradish peroxidase-conjugated secondary antibody (1:2,000; ␤-actin 1:5,000; Santa Cruz) and subjected to a chemiluminescence detection system. Semiquantitative assessment of bands was performed densitometrically.
Statistical analysis. Data were analyzed by ANOVA with multiple comparisons followed by the t-test with Bonferroni's adjustment. P Ͻ 0.05 was considered significant.
RESULTS

Appropriate LPS dose for induction of severe inflammation.
To determine the appropriate LPS dose for the induction of severe inflammation, mice were treated with 1, 5, and 10 mg/kg. LPS (1 and 5 mg/kg) caused a significant regulation urea transporters and aggravation of renal parameters, whereas hemodynamic parameters remained stable. LPS (10 mg/kg) reduced hemodynamic, renal parameters and expression of renal urea transporters, indicating severe septic conditions at that LPS dosage. Therefore, we performed further experiments with 10 mg/kg LPS ( Table 2 and Fig. 1 ).
Hemodynamic and blood parameters. Animals became lethargic, developed diarrhea, and showed piloerection starting 2 h after LPS injection (10 mg/kg). MAP decreased 12 and 24 h after LPS injection to 65 and 58% of control values, and heart rate of septic animals was significantly higher than in the control group. Hemoglobin and hematocrit values showed no differences between control and septic groups, whereas plasma osmolality and plasma urea increased consistently after injection of LPS (Table 3) . IL-1␤ also led to tachycardia and arterial hypotension with hyperosmolality and elevated plasma urea levels. Injection only of dexamethasone did not influence hemodynamic parameters in wild-type mice compared with control levels, and plasma osmolality as well as plasma urea did not distinguish significantly from control values.
Supplementary treatment of LPS-injected mice with dexamethasone attenuated LPS-induced arterial hypotension after 12 and 24 h. Furthermore, supplementary glucocorticoid treatment partially averted the LPS-induced rise of plasma osmolality and plasma urea 12 and 24 h after LPS administration.
Renal parameters. Both urine flow and GFR were lower in LPS-injected mice, whereas GFR decreased to ϳ25% of control levels after LPS injection (Fig. 2, A and B, and Table 3 ).
Urine osmolality decreased approximately threefold in mice treated with LPS compared with control animals. Therefore, the ratio of urine to plasma osmolality declined more than threefold. LPS-injected mice showed significantly reduced osmolar excretion, and IM osmolality was 3.2 times lower than in control animals 24 h after induction of sepsis (Fig. 2, C and D) .
Similarly, sepsis induction led to a marked urinary urea deficiency and therefore a reduced urine-to-plasma urea quotient paralleled by a 4.3 times lower urea concentration in the renal IM 24 h after sepsis induction (Fig. 3D) . Urea excretion declined to ϳ20% of control levels 24 h after LPS injection, ; C) and osmolality of the renal inner medulla (mosmol/kgH20; D) in mice 6, 12, and 24 h after ip injection. Shown are means Ϯ SE of 6 animals/group. P Ͻ 0.05 vs. control (*) and vs. LPS treatment (#). ; A), fractional urea excretion (%; B), tubular reabsorption of urea (nmol ⅐ min Ϫ1 ⅐ g body wt Ϫ1 ; C), and urea concentration of the renal inner medulla (mmol/l; D) in mice 6, 12, and 24 h after ip injection. Shown are means Ϯ SE of 6 animals/group. P Ͻ 0.05 vs. control (*) and vs. LPS treatment (#).
and this drop was accompanied by a significantly reduced fractional urea excretion and a 2.5-fold lowered tubular urea reabsorption (Fig. 3, A-C) . Renal tissue perfusion decreased both in the renal medulla and, more severely, in the cortex after sepsis induction (Fig. 4) .
After injection of IL-1␤ (12 h), the observed renal function of these animals was restricted comparable to LPS-injected animals (GFR:
Injection only of dexamethasone induced no relevant changes in functional renal parameters in wild-type mice after injection compared with controls (Figs. 2-4) .
Supplementary glucocorticoid treatment of LPS-injected animals diminished renal injury as indicated by increased GFR, urine flow, tubular urea reabsorption, and fractional urea excretion compared with untreated LPS injection (Figs. 2, A and  B, and Fig. 3, B and C) . Additional dexamethasone treatment led to an attenuation of the LPS effect on urinary and medullary osmolality and urea concentration (Figs. 2D and 3D) . Furthermore, the urine-to-plasma ratio of osmolality and of urea increased compared with LPS-treated animals, and osmolar and urea excretion rose significantly (Figs. 2C and 3A) , indicating more effective renal urinary concentration than in LPS-injected mice. Indeed, renal tissue perfusion both in the medulla and cortex increased smoothly, but not significantly, after supplementary glucocorticoid administration compared with LPS treatment alone (Fig. 4) .
Effect of LPS on renal urea transporter expression. Treatment with LPS for 6, 12, or 24 h resulted in significantly decreased urea transporter gene expression in the kidney. UT-A1 and UT-A3 mRNA showed a concomitant fall to ϳ17% of control levels, and UT-A2 mRNA decreased to ϳ24% of control levels after LPS injection. UT-A4 mRNA was downregulated to ϳ40% of the control level after sepsis induction. This decrease was paralleled by a significant decline of UT-B mRNA to ϳ17% of control levels 6, 12, and 24 h after LPS injection (Fig. 5) .
Protein expression of UT-A1, UT-A2, and UT-A3 was determined by Western blot analysis. The lack of available antibodies limited the analysis of UT-A4 and UT-B protein expression. UT-A1 protein fell to 49 and 38% of control, UT-A2 protein to 70 and 24% of control, and UT-A3 protein to 60 and 30% of control 12 and 24 h after LPS injection (Fig. 6A) .
Effect of cytokines on renal urea transporter gene expression. For further characterization of the mechanisms by which renal urea transporters could be downregulated during endotoxemia, renal gene expression in mice injected with cytokines such as TNF-␣, IL-1␤, IFN-␥, and IL-6 was examined, since the potent induction of these cytokines is the hallmark of sepsis (47) . mRNA expression of all renal urea transporters was strongly depressed after injection of IL-1␤, TNF-␣, or IFN-␥ (apart from UT-A4). IL-6 only downregulated UT-A3 and UT-B (Fig. 7) .
Effect of LPS on urea transporter gene expression in cytokine knockout mice. To investigate whether LPS-induced downregulation of renal urea transporter expression could be inhibited by eliminating the expression of individual cytokines, we measured mRNA levels of urea transporters in LPS-treated knockout mice with deficiencies of TNF-␣, IL-1-receptor-1, IFN-␥, or IL-6 and compared the effect of LPS injection on urea transporter levels with that in the wild-type control strain. NaCl-injected cytokine knockout and wild-type mice revealed comparable urea transporter mRNA levels (data not shown). After LPS injection (12 h), mRNA levels of all renal urea transporters were depressed (UT-A1, UT-A2, UT-A3, and UT-B ϳ20% and UT-A4 ϳ42% of wild-type and of cytokine knockout control levels), and the downregulative effect of LPS on renal urea transporters was not diminished by the absence of single cytokines (Fig. 8) .
Effect of dexamethasone on urea transporter expression in LPS-treated mice. Because absence of individual cytokines had no effect on LPS-induced downregulation of renal urea transporters, mice were additionally treated with dexamethasone (10 mg/kg ip). As shown in Table 4 , treatment with dexamethasone markedly attenuated tissue cytokine concentration 6, 12, and 24 h after LPS injection. We used this model to investigate the impact of the diminished action of multiple cytokines on renal urea transporter gene expression.
Dexamethasone administration alone caused no significant differences in the expression of renal urea transporters compared with control levels (Fig. 5 ). Animals treated with LPS plus dexamethasone still revealed a significant downregulation of urea transporter gene expression; however, supplementary injection of dexamethasone substantially increased urea transporter gene expression compared with sole LPS treatment (Fig. 5) .
This effect might also be evidenced on the level of protein expression. Supplementary glucocorticoid treatment led to a clear attenuation of the LPS effect on UT-A1, UT-A2, and UT-A3 membrane protein, whereas dexamethasone administration alone did not affect UT-A1, UT-A2, and UT-A3 membrane protein level (Fig. 6B) .
Effect of renal ischemia on urea transporter expression. Because renal ischemia is potentially present in our model of sepsis with cardiovascular depression and decreased renal perfusion, one could assume that the reduced expression of renal urea transporter is the result of ischemia. Therefore, we assessed the impact of ischemia on the gene expression of renal urea transporters by investigating animals with left renal artery clipping, which decreases renal tissue perfusion to values comparable to those found in septic animals in our and previous investigations (40) . However, renal clipping did not bias gene expression of renal urea transporters compared with sham-clipped animals 6, 12, and 24 h following clipping (Fig. 9) .
DISCUSSION
ARF secondary to sepsis is a highly prevalent diagnosis in the ICU setting and continues to be associated with a high mortality rate. Therefore, understanding the pathogenesis of sepsis-related ARF is of critical importance. Several studies have demonstrated that reduced GFR during sepsis is secondary to altered glomerular hemodynamics (15, 39) . In contrast, the pathophysiology of sepsis-associated renal tubular dysfunction with impaired urinary concentration mechanism and decreased urine osmolality is only poorly understood.
It has long been known that renal "urea recycling" depends on the functional expression of renal urea transporters such as UT-A1, UT-A2, UT-A3, UT-A4, and UT-B and is essential for adequate renal tubular function, including the ability to potently concentrate urine (5, 21, 25, 33, 34, 64) . In the present study, we characterized the regulation of renal urea transporters during severe experimental inflammation.
To induce experimental sepsis, we used intraperitoneal injection of LPS, an established, easy-to-apply in vivo sepsis model (46) . To ensure induction of severe inflammation in mice, we performed primary studies with several LPS dose rates (1, 5, and 10 mg/kg). In contrast to 1 and 5 mg/kg LPS, 10 mg/kg LPS caused a pronounced, time-dependent arterial hypotension and tachycardia and was associated with reduced GFR and urine flow, indicating severe septic conditions at that dosage of LPS. Because 10 mg/kg LPS was most suitable for inducing severe septic conditions and the literature also made use of this LPS dose (10 -13, 16, 24, 37, 51), we performed our experiments with this application rate.
Fractional urea excretion, tubular urea reabsorption, and the urine-to-plasma ratio for osmolality, all indicators of tubular function in this study, decreased after LPS injection, indicating renal tubular damage consistent with the findings of previous studies (4, 21, 25) . Notably, it has been shown in our and other investigations that LPS administration led to a fourfold decrease in both urea concentration and osmolality in the renal IM, indicating that urea may be crucial for the production of a hyperosmolar medullary interstitium (21, 25). Hu et al. (25) even observed that accumulation of urea in the medullary interstitium was impaired to much greater extent than that of other solutes such as NaCl. This selective functional impairment in urinary urea-concentrating capacity can be explained by the marked downregulation of all renal UT transporters in this study, suggesting a possible causal linkage between impairment of renal urea reabsorption and expression of these transporters. This hypothesis is strengthened by studies describing coexistence of renal tubular dysfunction and downregulation of several renal urea transporters, especially UT-A1, UT-A2, and UT-B, in uremic animals (25, 30, 36) . Concerning the UT-A4 expression in mice, relatively little is known about the mouse UT-A4 isoform compared with rats, and some studies did not detect UT-A4 in mouse kidney (31) . However, the literature reports about findings detecting UT-A4 mRNA and using the same primer set we disposed in this investigation (59) .
We also studied the mechanisms and pathways by which septic conditions lead to downregulation of renal urea transporters. Proinflammatory cytokines such as TNF-␣, IL-1␤, IFN-␥, or IL-6 are known to be abundantly generated mediators during sepsis (47) , as was clearly demonstrated in our study. Therefore, we were interested in the effect of these mediators on functional renal and hemodynamic parameters and on the expression of renal urea transporters. Injection of IL-1␤ similar to LPS caused a significant depression of hemodynamic and renal function. Additionally, we found that IL-1␤, TNF-␣, and IFN-␥ extensively downregulated expression of all renal UT-transporters. IL-6 inhibited expression of UT-A3 and UT-B. We conclude that cytokines may mediate the LPSinduced downregulation of renal urea transporters.
To test this assumption, additional experiments with knockout mice with a deficiency for TNF-␣, IL-1-receptor-1, IFN-␥, or IL-6 were conducted. However, we found that the absence of individual cytokines does not prevent LPS-induced downregulation of renal urea transporters, suggesting that LPSinduced inhibition of urea transporter gene expression cannot be attributed to single cytokines. This observation may be because of the overlapping interactions of several proinflammatory cytokines. These findings are in accordance with reports of ineffective anti-single cytokine strategies in septic patients in clinical trials (1, 20, 45) .
Therefore, we performed experiments with glucocorticoidinjected mice to simultaneously reduce LPS-induced upregu- lation of multiple proinflammatory cytokines. We found that glucocorticoid-induced inhibition of proinflammatory cytokine introduction attenuated LPS-induced downregulation of all renal urea transporters. Additionally, glucocorticoid treatment alleviated the effect of LPS on fractional urea excretion, tubular urea reabsorption, osmolar excretion, IM osmolality, and urea concentration. These results emphasize the possible impact of proinflammatory cytokines in the pathogenesis of sepsis-induced ARF with reduced tubular function and downregulation of renal urea transporters.
Previous trials have demonstrated that chronic dexamethasone administration inhibits expression of urea transporters by blocking the activity of the UT-A promoter I (but not promoter II) and that glucocorticoid treatment leads to an increase in fractional urea excretion (32, 41, 48) . These reports are not contradictory to our results, which demonstrate a marginal decline in renal functional parameters and gene expression of urea transporters after glucocorticoid administration, since we treated animals with a single dose of dexamethasone rather than 3-7 days of chronic glucocorticoid therapy as described in the literature. Furthermore, Chen et al. (17) observed renal results consistent with our investigation in glucocorticoiddeficient adrenalectomied rats with decreased urine and medullary osmolality and decreased urea transporter levels relative to adrenalectomied mice receiving glucocorticoid replacement therapy. This situation strongly resembles our study of septic animals studied with and without glucocorticoid treatment.
Because changes in urine flow resulting from altered GFR or hemodynamics can affect urea clearance, one could assume that the effects observed in the present study may be because of renal ischemia, particularly given the decreased renal tissue perfusion after LPS treatment in our current investigation and previous trials (40) . Our finding that glucocorticoid treatment ameliorated LPS-induced alterations of renal urea transporters and renal dysfunction without affecting renal ischemia suggests that renal ischemia does not influence the expression of renal urea transporters. To further approve this hypothesis, we induced experimental renal ischemia by clipping the left renal artery so that renal tissue perfusion decreased to values comparable to septic animals in this and previous studies (40) . We found that expression of renal urea transporters was not influenced by renal ischemia, consistent with previous studies investigating other tubular transporters following renal artery clipping (6, 65) .
Our results demonstrate that renal urea transporters are downregulated during severe inflammation and indicate that this downregulation is mediated by proinflammatory cytokines independent of ischemia. Because of overlapping actions of different proinflammatory cytokines, the downregulation of urea transporters cannot be attributed to single cytokines, providing an explanation for the failure of single anti-cytokine strategies to improve the outcome of septic patients (1, 20, 45) . In addition, our findings contribute to explaining and understanding the beneficial effects of glucocorticoids on the outcome of septic patients (2, 3, 7, 29) . 
